Electrostatic and/or high tension separation has been used for the separation of rare metal bearing minerals, foods, industrial wastes, and so on. Since the separation is achieved by the difference mainly in surface conductivity of materials, the efficiency in humid circumstances is very low and the applicability is considerably limited.
Introduction
Application of electrostatic separation and/or high tension separation started late in the 19 th century in the agricultural field to separate paddies or pods from the seeds. The application became prevailing in the 20 th century with the development of high voltage technology. Presently, this separation has been applied in the field of mining, agriculture, and waste treatment.
Since selectivity of this separation method is based mainly on the difference in surface conductivity of materials, the efficiency is greatly influenced by humidity 1) . In the past, some interesting researches have been reported using this undesirable property, such as separation based on the difference in adsorption property of electrolyte solution onto particle surface 2) and the control of surface wettability with surfactant under humid conditions 3) . Recently chemical reagents were used 4) as a pretreatment of electrostatic separation, but there is no explanation about the type of reagents and the separation mechanism. Until now, no commercial plant has been operating which involves surface modification process in the electrostatic separation.
In this paper, we applied the two-stage pretreatment technique of surface modification to the separation process, which are the surfactant treatment of particles and subsequent spraying electrolyte aqueous solution. It is expected by this application to achieve effective separation even in humid circumstances and to create a new selectivity among materials which are difficult to be separated by conventional methods.
Concept of surface modification
The effect of surface modification on electrostatic behavior is explained here. Fig. 1 shows a schematic representation of the concept.
Let us image two kinds of non-conductor particles A and B that cannot be separated form each other. When both particles are treated with a selective surfactant, we may assume that the surfactant adsorbs onto particle B but not onto particle A.
Then, only particle B acquires a hydrophobic film on the surface (see Fig. 1(b) ). Subsequent spraying some electrolyte aqueous solution can easily form a conductive film on the particle A but not on particle B owing to its hydrophobic film (see Fig.  1(c) ). As a result, particle A acquires a conductive film and particle B does not. After the two-stage pretreatment, particle A behaves like a conductor and particle B as a non-conductor in the subsequent electrostatic separation. Selectivity is created by the difference in surface wettability controlled by the surfactant adsorption which is very similar to that of flotation, then we might call this separation process "Dry Flotation".
Sample and the preparation
The samples used in the experiments were sodalime silicate glass (Toshiba-Ballotini, Japan) as a non-conductor material. The material was comminuted and screed to 300-425 µm for all experiments.
Experimental Pretreatment
Two kinds of pretreatment methods shown in the below were applied before electrostatic separation.
Surfactant treatment: In order to adjust the surface wettability, the following two kinds of methods were used.
(1) Stirring method: A 15 g of sample was put into a surfactant aqueous solution of predetermined concentration, and stirred at 130 rpm for 30 min. The pH value after stirring was reported as treatment pH. The suspension was then filtered and dried in a vacuum desiccator. (2) Spraying method: A surfactant aqueous solution of predetermined concentration was sprayed onto sample particles on a stainless pan with small scale atomizer. Spraying was done for 2 min from 50 cm above the pan. The pan was vibrated horizontally to ensure uniform particle coverage. The amount of solution sprayed for the 2 min was measured 1.0 ml. After spraying, the sample was allowed to stand still in the air for 2 min, then fed to the subsequent step. Dodecylammonium chloride (DAC) was used as a surfactant. Solution pH was adjusted at 6.0 with HCl.
Spraying electrolyte aqueous solution: Electrolyte aqueous solution was sprayed under the same condition as that in the surfactant spraying. However, for several experiments the pan was not vibrated (only in Condition D mentioned later). The electrolyte used was sodium chloride (NaCl) at concentration of 5.0*10 −1 mol/l, almost the same salt concentration as sea water.
Combination of pretreatment investigated were as follows.
Condition A: Drying at 110C for 2 h, then keeping in a desiccator for 30 min. Condition B: Spraying NaCl aqueous solution, with no additional treatment. Condition C: DAC treatment (stirring method) with no additional treatment. Condition D: DAC treatment (stirring method), then spraying NaCl aqueous solution. Condition E: DAC treatment (spraying method), then spraying NaCl aqueous solution.
Electrostatic separation
A drum type electrostatic separator (Kyokuto Shinko) with electrostatic and corona electrodes was used to determine the electrostatic behavior under various conditions. Locations of the electrodes and the other devices are shown in Fig. 2 , which were predetermined so that difference in the flight distances of conductor and non-conductor particles must be the largest. The drum rotation speed and the voltage applied was set at 40 rpm and 20 kV, respectively. For each test, 5 g of sample was fed at a rate of 6 g/min.
Sample particles passed through electric field fly down to a sample container divided into 22 chambers at an interval of 17 mm. The distribution of flight distance was determined by weighing the sample collected in each chamber. The experiments were carried out three times under the same condition, and the results were averaged. All experiments were carried out at relative humidity less than 65%.
Results and discussion
Stir-spray method Electrostatic behavior is graphically represented as a cumulative distribution of the flight distance which was set zero at the chamber just below the edge of the grounded drum, positive on conductor side and negative on insulator side. Fig. 3 shows the flight distance curves of silicate glass with no vibration of the sample pan in the stage of NaCl spraying. In the figure, we can point out that the behavior in Conditions B (with NaCl) becomes much more conductive than that in Condition A (with no NaCl). It is suggested that the electrolyte ions make it easy to mobilize electrical charge of particle surface to the grounded drum.
In Condition D, all curves are greatly shifted to the insulator side compared with that in Condition B. This could be the evidence that the NaCl solution was prohibited from adsorbing onto the hydrophobic surface generated in the previous surfactant treatment. It is also reasonable to consider that the more insulative behavior in Condition D than in A was caused by the influence of the humidity slightly present during separation even in Condition A.
Relationship between the average flight distance and DAC concentration in the surface treatment is shown in Fig. 4 . Particles behave more insulative as DAC concentration increases. Fig. 3 , which is the case with no vibration. It is considered that the vibration would give a chance for NaCl aqueous solution to adsorb entirely onto the particle surface. In this figure we can also observe that the curves of Condition D are situated between those of Conditions A and B. Those curves are shifted gradually to more insulator side as DAC concentration is raised up to 1.0*10 −3 mol/l, but at 1.0*10 −2 mol/l the curve turns back to conductor side. This tendency is clearly observed also in Fig. 4 . The reversal of the tendency would be explained as a double layer adsorption of DAC molecules on the particle surface; thus the particles became hydrophilic again in the ranges of higher DAC concentration.
It is concluded that surfactant treatment kept the particle surface unwetted selectively, and that effective electrostatic separation could be achieved even in a humid circumstances. Furthermore, it could be also claimed that this pretreatment could create a selectivity similar to that of flotation by adding subsequent spraying electrolyte aqueous solution.
Spray-spray method
In the previous section, it was found that the surface modification done by stirring in the slurry could change the electrostatic behavior of nonconductors. The wet stirring process, however, has some disadvantages compared with dry processes of usual electrostatic separation. Then, in this section the spraying method was applied also for the surfactant treatment. Fig. 6 show the electrostatic behavior of silicate glass in the spray-spray method. Although the difference between Conditions A and B is much smaller than the previous one (see Fig. 3 and 5) , the flight curves of Condition E situate between those of Conditions A and B. The average flight distance shows a minimum when DAC concentration is 1.0*10 −2 mol/l, one order of magnitude higher than in the stir-spray method. It is obvious that higher concentration of surfactant is required in the spraying method than in the stirring one to ensure the surface hydrophobicity. However, it seems that the total reagent consumption could be lower in this method than in the stirring method. These results suggest that dry electrostatic separation may achieve selective separation among non-conductors to be separated with a similar selectivity to that of flotation by the addition of two-stages (surfactant and electrolyte) pretreatment. Fig. 7 is a possible process image of the electrostatic separation with the above modification of particle surface.
